Thomas Jefferson University

Jefferson Digital Commons
Department of Medical Oncology Faculty
Papers

Department of Medical Oncology

3-27-2019

The Role of Inhibition of Apoptosis in Acute Leukemias and
Myelodysplastic Syndrome.
Amanda McBride
Thomas Jefferson University

Sarah Houtmann
Thomas Jefferson University

Lindsay Wilde
Thomas Jefferson University

Carlos Vigil
University of Iowa

Christine M. Eischen
Thomas Jefferson University
Follow this and additional works at: https://jdc.jefferson.edu/medoncfp
Part of the Oncology Commons
See next page for additional authors

Let us know how access to this document benefits you
Recommended Citation
McBride, Amanda; Houtmann, Sarah; Wilde, Lindsay; Vigil, Carlos; Eischen, Christine M.; Kasner,
Margaret; and Palmisiano, Neil, "The Role of Inhibition of Apoptosis in Acute Leukemias and
Myelodysplastic Syndrome." (2019). Department of Medical Oncology Faculty Papers. Paper 93.
https://jdc.jefferson.edu/medoncfp/93
This Article is brought to you for free and open access by the Jefferson Digital Commons. The Jefferson Digital
Commons is a service of Thomas Jefferson University's Center for Teaching and Learning (CTL). The Commons is
a showcase for Jefferson books and journals, peer-reviewed scholarly publications, unique historical collections
from the University archives, and teaching tools. The Jefferson Digital Commons allows researchers and interested
readers anywhere in the world to learn about and keep up to date with Jefferson scholarship. This article has been
accepted for inclusion in Department of Medical Oncology Faculty Papers by an authorized administrator of the
Jefferson Digital Commons. For more information, please contact: JeffersonDigitalCommons@jefferson.edu.

Authors
Amanda McBride, Sarah Houtmann, Lindsay Wilde, Carlos Vigil, Christine M. Eischen, Margaret Kasner,
and Neil Palmisiano

This article is available at Jefferson Digital Commons: https://jdc.jefferson.edu/medoncfp/93

REVIEW
published: 27 March 2019
doi: 10.3389/fonc.2019.00192

The Role of Inhibition of Apoptosis in
Acute Leukemias and
Myelodysplastic Syndrome
Amanda McBride 1 , Sarah Houtmann 2 , Lindsay Wilde 1 , Carlos Vigil 3 ,
Christine M. Eischen 4 , Margaret Kasner 1 and Neil Palmisiano 1*
1

Department of Medical Oncology, Sidney Kimmel Cancer Center, Thomas Jefferson University, Philadelphia, PA,
United States, 2 Department of Medicine, Thomas Jefferson University, Philadelphia, PA, United States, 3 Division of
Hematology, Oncology and Blood and Marrow Transplantation, Department of Internal Medicine, University of Iowa, Iowa
City, IA, United States, 4 Department of Cancer Biology, Sidney Kimmel Cancer Center, Thomas Jefferson University,
Philadelphia, PA, United States

Edited by:
Massimo Breccia,
Sapienza University of Rome, Italy
Reviewed by:
Kavita Raj,
Guy’s and St Thomas’ NHS
Foundation Trust, United Kingdom
Roberto Latagliata,
Unitelma Sapienza University, Italy
Matilde Y. Follo,
University of Bologna, Italy
*Correspondence:
Neil Palmisiano
neil.palmisiano@jefferson.edu
Specialty section:
This article was submitted to
Hematologic Malignancies,
a section of the journal
Frontiers in Oncology
Received: 13 December 2018
Accepted: 06 March 2019
Published: 27 March 2019
Citation:
McBride A, Houtmann S, Wilde L,
Vigil C, Eischen CM, Kasner M and
Palmisiano N (2019) The Role of
Inhibition of Apoptosis in Acute
Leukemias and Myelodysplastic
Syndrome. Front. Oncol. 9:192.
doi: 10.3389/fonc.2019.00192

Frontiers in Oncology | www.frontiersin.org

Avoidance of apoptosis is a key mechanism that malignancies, including acute leukemias
and MDS, utilize in order to proliferate and resist chemotherapy. Recently, venetoclax, an
inhibitor of the anti-apoptotic protein BCL-2, has been approved for the treatment of
upfront AML in an unfit, elderly population. This paper reviews the pre-clinical and clinical
data for apoptosis inhibitors currently in development for the treatment of AML, ALL,
and MDS.
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INTRODUCTION
One of the well-described hallmarks of cancer is the ability to evade apoptosis. Upstream regulators
and downstream effectors of apoptosis carefully regulate the precise dismantling of a cell in
response to a wide variety of internal and external stimuli. At any point along the pathway
malignancies can exploit these interactions for survival. Research convincingly demonstrates that
acute leukemias and myelodysplastic syndrome (MDS) co-opt these mechanisms for both their
development as well as resistance to traditional chemotherapies. Recently, many new drugs that
work to promote apoptosis have been developed and studied. The B cell lymphoma-2 (Bcl-2)
protein family includes key regulator of apoptosis, including the anti-apoptotic protein BCL-2.
Venetoclax, an oral BCL-2 inhibitor and the prototype for this class of drugs, has shown promising
efficacy in the treatment of several hematologic malignancies. First approved in 2016 for the
treatment of relapsed/refractory CLL, venetoclax has now also been recently FDA approved for
the treatment of acute myeloid leukemia (AML). However, to date, none of these drugs have been
approved in acute lymphoblastic leukemia (ALL) or MDS. This review seeks to explain the role
of the intrinsic pathway of apoptosis and the data for drugs targeting the Bcl-2 superfamily in the
treatment of acute leukemias and MDS.

INTRINSIC APOPTOSIS AND THE BCL-2 SUPERFAMILY
Apoptosis is governed by two intertwined pathways that ultimately lead to cell death. The extrinsic
pathway is activated in response to external signaling proteins, like tumor necrosis factor alpha
(TNF-a) and FAS-L, which generate an intracellular signal through transmembrane receptor
proteins. These signals in turn lead to the activation of caspases that are ultimately responsible
for degradation of essential cellular proteins [see (1, 2) for a review of the extrinsic pathway].
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and memory T-cells maintain relatively high expression (12). On
antigen binding, co-stimulation of the T-cell receptor with CD28
upregulates BCL-XL (13). Similarly, during B-cell maturation,
high levels of BCL-2 are seen early on (pro-B stage), are markedly
lower in intermediate stages of differentiation, and again are
upregulated in the memory B-cell (14, 15).
BCL-2 was first discovered as a partner of IGH in the
translocation of chromosomes 14:18, which is a hallmark of
follicular lymphoma and plays a central role in oncogenesis.
Seminal studies demonstrated that cell lines that have
upregulated anti-apoptosis protein like BCL-2 or MCL-1
do not themselves become cancerous but allow otherwise lethal
mutations in the cell cycle to be transmitted to daughter cells.
Additionally, upregulation of these inhibitory proteins by various
means in a wide variety of tumor subtypes contributes to their
resistance to chemotherapy (4). Taken together, the central role
of the Bcl-2 superfamily in the development and progression
of cancer, as well as in mediating chemotherapy resistance, has
made it a highly sought-after therapeutic target.

The intrinsic pathway is tightly regulated by the Bcl-2
superfamily of proteins. Following activation of the intrinsic
pathway, a complex interplay between various members of the
Bcl-2 family of proteins culminates in the release of cytochromeC from “stressed” cells’ mitochondria by the creation of pores
in the mitochondrial outer membrane, a process denoted as
mitochondrial outer membrane permeabilization (MOMP). The
supergroup members share BCL-2-like homology domains 14 (BH1-BH4) and can be divided into various classes based
on the impact of the protein on the apoptotic outcome of
the cell: sensitizers, activators, suppressors and effectors. For
a cell in resting state, suppressors of apoptosis (BCL-2, BCLXL, MCL1, BCL-W among others) bind to effectors (BAX or
BAK) and activators (BID and BIM) and suppress their activity.
Conversely, as a result of upstream cell damage signaling (see
Figure 1), the production of sensitizers and activators is induced.
Sensitizers bind directly to anti-apoptotic proteins which causes
their disassociation from effector and activator proteins. In
turn, activators bind to effectors, inducing a conformational
change in the effectors that allows for their oligomerization.
This oligomerization event allows for the creation of pores in
mitochondria that generates MOMP and induces the release
of cytochrome-C through the mitochondrial membrane. Extramitochondrial cytochrome-C complexes with Apaf-1 which
subsequently oligomerizes into a heptamer known as the
apoptosome and recruits and activates caspase 9. Activated
caspase 9 plays a central role in cleaving other effector
caspases, and this ultimately leads to the proteolytic dismantling
of the cell (3, 4).
Upstream of the intrinsic pathway, the central tumor
suppressor p53 helps to orchestrate the cellular signals leading to
apoptosis. In p53-competent cells, DNA damage initiates a broad
cascade of responses, including the dissociation of p53 from its
inhibitor MDM2 and its rapid translocation to the mitochondria.
Once there, p53, through complex interactions, is thought to
release pro-apoptotic Bax and Bak from inhibitory proteins like
BCL-2 and BCL-XL, which functionally sequesters them and
pushes the “stressed” cell toward apoptosis. Additionally, p53,
when liberated from MDM2, acts as a transcription factor for
BAX itself as well as for the initiator proteins PUMA and NOXA.
PUMA and NOXA bind to BCL-XL, allowing for the release of
Bax to form its effector oligomers. In certain cells, p53 may also
transcriptionally repress BCL-2 (5). The sum of the effects of p53
activation are pro-apoptotic and, in part through its interactions
with the Bcl-2 superfamily, p53-deficient cells may be rendered
chemotherapy-resistant (3–5).
During normal differentiation of hematopoietic cells, the
relative expression of Bcl-2 family of proteins is temporally
and topographically regulated. For example, in the lymphoid
lineage, BCL-2 expression is critical for the development of
B and T lymphoid progenitors from hematopoietic stem cells
(6). Early T-cells demonstrate high levels of expression of
BCL-2 relative to BCL-XL at the CD4-CD8- double negative
stage, but downregulate BCL-2 in favor of BCL-XL during the
CD4+CD8+ double positive stage (7–11). The expression of
BCL-2 increases as the differentiation of T-cells proceeds into
single positive thymocytes (CD4+CD8- or CD4-CD8+) (7, 8)
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PRE-CLINICAL DEVELOPMENT OF BH3
MIMETICS
The targeting of BCL-2 proteins was initially evaluated using
antisense mRNA compounds. Oblimersen is a BCL-2 antisense
oligonucleotide that is complementary to part of the BCL-2
mRNA coding region, allowing for binding of BCL-2 mRNA
to inhibit BCL-2 protein translation. Preclinical studies utilizing
CD34+ marrow cells, BCL-2-positive myeloid cell lines and AML
cells demonstrated inhibition of BCL-2 expression, decreased cell
survival, and decreased clonal proliferation in cultures treated
with BCL-2 antisense, as well as synergistic killing of AML cells
in the presence of chemotherapeutics (16).
The development of BH3 mimetics allowed for effective
targeting of anti-apoptotic proteins in tumors that are dependent
on BCL-2 or BCL-XL and opened up a new avenue for
targeted therapeutics in hematologic malignancies. These
molecules inhibit the Bcl-2 family of anti-apoptotic proteins
by occupying their BH3 binding groove. These include the
synthetic small molecule BH3 mimetics developed by researchers
at Abbvie, which were discovered utilizing nuclear magnetic
resonance (NMR) to identify fragments with BCL-XL binding
properties (17).
GX15-070/obatoclax was amongst the first compounds
described to modulate the activity of the pro-survival Bcl-2
family members via inhibition of BH3 peptide binding. It is a
polypyrrole developed from a natural compounds screen, which
functions as a non-selective pan-BCL-2 inhibitor, binding BCL2, BCL-XL, BCL-W, MCL1, among others. In vitro studies of
obatoclax demonstrated antileukemic activity against AML cell
lines and primary AML samples, via apoptosis and decreased
proliferation (18). Mechanistically, its pro-apoptotic activity was
demonstrated to involve release of Bim and Bak from BCL-2 and
MCL1 with the formation of an active Bak/Bax complex. GX15070/obatoclax has also been shown to overcome MCL1 mediated
resistance to apoptosis (19).
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FIGURE 1 | Intrinsic pathway. In the resting state, suppressors BCL-2, MCL1, BCL-XL, and BCL-W bind to and inhibit effectors and activators, thus preventing
downhill cascade leading to apoptosis. The site of inhibition of key BCL-2 family inhibitors is noted by brackets. In response to stress, sensitizers bind to the
suppressors, releasing the inhibitory effect of suppressors on effectors and activators. Thus, conformational change and oligmerization ensues with subsequent
MOMP formation and release of cycotochrome C. Cytochrome C and Apaf-1 oligmerize into the apoptosome, leading to activation of caspases and, finally, cell death.

ABT-263/navitoclax, was subsequently developed via
modification of ABT-737 at 3 molecular positions, resulting
in oral bioavailability allowing for therapeutic use, while
maintaining high potency inhibition of BCL-2, BCL-XL,
and BCL-W (28, 29). In preclinical studies, navitoclax was
demonstrated to have significant activity in vitro against ALL cell
lines, as well as in ALL xenograft models (30). However, it was
noted to have lower activity against CLL cells compared to its
predecessor ABT-737, likely due to increased albumin binding
(31). Additionally, its clinical use was limited by dose-dependent
thrombocytopenia (32–34), due to on-target inhibition of
BCL-XL, with resulting platelet apoptosis as well as impaired
hemostatic functions of residual platelets (35, 36).
ABT-199/venetoclax is a modified BH3-mimetic which was
subsequently designed to be highly selective for BCL-2 but not
bind BCL-XL, as opposed to its predecessors. This specificity
of venetoclax has been shown both in vitro and in vivo to
result in a highly potent anti-tumor effect in BCL-2 dependent
malignancies, while also sparing platelets. This specificity makes
it a particularly attractive therapeutic candidate for acute
leukemias, where thrombocytopenia is generally a significant
complication of the disease, even prior to treatment. Preclinical studies have shown significant anti-tumor activity of
venetoclax in acute leukemias. Using AML cell lines, murine
AML xenografts, and primary patient AML myeloblasts Pan
et al. demonstrated rapid venetoclax-induced apoptosis of AML
cells both in vitro and in vivo (37). This study also described
a novel method of determining a cell’s relative dependence on
anti-apoptotic proteins for survival, called BH3 profiling. In this
method, exogenous sensitizers and activators are added to a
cell and the degree of MOMP is determined. Using the unique
binding patterns of the sensitizing and activating BH3 proteins,

ABT-737 was the first of the synthetic small molecule
BH3 mimetics that was demonstrated to exhibit high potency
inhibition of BCL-2, BCL-XL, and BCL-W, with greater affinity
binding of these proteins by two to three orders of magnitude,
compared to prior compounds (20). Notably, this molecule has
been very useful in demonstrating the anti-tumor effect of BH3
mimetics in preclinical studies; however, solubility issues have
prevented its use in the clinical setting. Specifically, regarding
its activity in acute leukemias, ABT-737 was shown to induce
apoptosis of AML cell lines, primary AML blast cells and
stem cells, and in a murine xenograft model in vivo (21). In
this study, overexpression of MCL-1 was shown to diminish
the activity of GX15-070/obatoclax, highlighting a resistance
mechanism to BCL-2/BCL-XL inhibition induced apoptosis.
Further work demonstrated that ABT-737 induces the activation
of extracellular receptor activated kinases (MAPK/ERK Kinases),
resulting in upregulation of MCL-1 in AML cells (22). In this
study, use of MEK inhibitors abrogated this effect of ABT-737,
and combination treatment with ABT-737 and a MEK inhibitor
resulted in potent synergistic killing of AML cell lines, primary
AML blasts, and murine xenografts (22). ABT-737 additionally
has been shown to have a potent synergistic effect in inducing
killing of primary AML and MDS cells when used in combination
with the hypomethylating agent azacitidine (23, 24). Treatment
of primary AML cells with azacitidine has been shown to
reduce MCL-1 expression, which likely accounts for this synergy
(25). Of note, combination treatment with a FLT3 inhibitor
in AML primary cells with an activating FLT3 mutation also
demonstrated a synergistic effect (26). ABT-737 has further been
shown to have activity in pediatric ALL, synergistically enhancing
the effect of vincristine, dexamethasone, L-asparaginase in ALL
cell lines and mice bearing ALL xenografts (27).

Frontiers in Oncology | www.frontiersin.org

3

March 2019 | Volume 9 | Article 192

McBride et al.

BCL-2 Inhibition in Acute Leukemias and MDS

arrest and apoptosis (44). Therefore, it was hypothesized that
concomitant inhibition of BCL-2 and MDM2 would allow for
an enhanced anti-leukemic effect by restoring key apoptotic
and tumor suppressor pathways simultaneously. Indeed, the
combination of venetoclax and idasanutlin results in enhanced
anti-tumor activity compared to either treatment alone in p53
wild type AML cell lines in vitro and AML xenograft models
in vivo (45). Further, combining these therapeutics was shown
to overcome resistance to either drug alone, with p53 activation
promoting MCL-1 degradation and BCL-2 inhibition shifting the
p53 activation response from G1 cell cycle arrest to apoptosis,
resulting in prolonged survival in murine xenograft models of
resistant AML (46).
Overall, these studies suggest that the therapeutic effect of
venetoclax in AML can be optimized in combination with other
therapies, particularly those targeting leukemic cell mechanisms
of venetoclax resistance. Interestingly, isocitrate dehydrogenase
(IDH) 1 and 2 mutation status may also affect the response to
BCL-2 inhibition, as IDH1 and IDH2 mutant primary human
AML cells have been demonstrated to be more sensitive to
venetoclax treatment than those with wild type IDH 1/2 (47). In
this study, the mechanism of increased sensitivity to venetoclax
was demonstrated to be via production of the oncometabolite
R-2-hydroxyglutarate (R-2HG) by mutant IDH 1/2, with R2HG mediated inhibition of cytochrome c oxidase activity
in the mitochondrial electron transport chain, resulting in a
lower mitochondrial threshold to trigger apoptosis under BCL2 inhibition.
When considering the potential use of BH3 mimetics in
MDS, blockade of BCL-2 with either venetoclax or ABT737 has been demonstrated to result in significant toxicity to
primary bone marrow cells from patients with high risk MDS
or secondary AML, as demonstrated by reduction in CD34+
cells and decreased colony-forming capacity in vitro, but has no
effect on bone marrow cells from patients with low risk MDS
or healthy controls (48). This suggests that venetoclax treatment
can overcome apoptotic resistance of high risk MDS cells and
possibly delay disease progression in this patient population.
Regarding the potential of venetoclax use in ALL treatment,
it has also been shown to have activity against T-cell ALLs in
preclinical studies utilizing childhood ALL xenografts. Notably,
the sensitivity of T cell ALLs to venetoclax appears to be
dependent on the subtype of ALL and more specifically on
the maturation stage of the leukemia cells (49, 50). Early Tcell precursors highly express BCL-2 and, correspondingly, ALL
with an early T-cell progenitor phenotype show sensitivity
to venetoclax. However, more mature subgroups of ALL are
dependent on BCL-XL and not BCL-2, and, consequently,
show sensitivity to navitoclax but not to venetoclax (49). An
exception is mixed lineage leukemia (MLL) rearranged ALL,
where venetoclax has been shown to recapitulate the activity of
navitoclax (51).
Since MCL-1 overexpression allows for resistance to the
BCL-2 inhibitors, the development of compounds that directly
target MCL-1 is also of significant interest. Developing such
compounds has proved challenging due to the shallower,
less flexible binding site of MCL-1; however, direct MCL-1

the group determined which anti-apoptotic proteins a cell was
reliant on for continued survival. For instance, mitochondria that
depolarize in the presence of exogenous HKR, which is known
to exclusively bind and repress BCL-XL activity, would be said
to be BCL-XL dependent. Using this technique, the group found
a tight correlation between samples that were BCL-2 dependent
and their sensitivity to ABT-199, suggesting on-target activity and
indicating a potential biomarker for further exploration.
While the inhibition of BCL-2 by venetoclax results in
significant anti-leukemic activity, overexpression of MCL-1
can lead to venetoclax resistance and has MCL-1 protein
overexpression has been shown in venetoclax-resistant cells.
Therefore, there is strong interest in combination therapy with
drugs that overcome this mechanism of resistance. ABT-199
treatment of AML cells increases levels of MCL-1 protein, with
resultant MCL-1 sequestration of the pro-apoptotic protein Bim,
preventing the induction of apoptosis (38). Co-treatment of
AML cells with venetoclax and either daunorubicin or cytarabine
overcomes this resistance by increasing DNA damage, which
in turn prevents MCL-1 upregulation (38). As with ABT-737,
venetoclax in combination with azacitidine results in a synergistic
anti-leukemic effect via azacitidine suppression of MCL-1. The
venetoclax/azacitidine combination showed less potency against
AML cell lines in vitro compared to ABT-737, but similar potency
against primary AML and MDS samples tested ex vivo (23, 24).
Combined treatment with venetoclax and the selective MCL-1
inhibitor A-1210477 abrogates MCL-1 sequestration of Bim and
results in synergistically induced apoptosis in AML cell lines and
primary patient samples (39). Bypassing the MCL-1 resistance
mechanism has also been investigated with the pan-histone
deacetylase inhibitor panobinostat, which was demonstrated to
upregulate Bim, resulting in sustained Bim levels in the presence
of venetoclax and a synergistic anti-leukemia effect in AML cell
lines and patient samples (40).
The combinations of venetoclax and a variety of newer
cancer therapeutics have additionally been investigated in
preclinical studies in AML with promising results. Venetoclax
and the cyclin-dependent kinase (CDK) inhibitor alvocidib
were found to act synergistically in venetoclax sensitive and
resistant AML models, with alvocidib acting to decrease MCL1 and increase pro-apoptotic proteins Bim and NOXA, thereby
complementing the venetoclax mechanism of action (41).
Pevonedistat (MLN4924), an inhibitor of the Nedd8 activating
enzyme, has also been shown to synergize with venetoclax
in AML cell lines and in fresh AML patients’ cells, through
neutralization of MCL-1 and activation of the pro-apoptotic
proteins Bax and Bak (42). Cotreatment of primary AML blasts
and AML cell line xenografts with venetoclax and the PI3
kinase/mTOR inhibitor GDC-0980 also resulted in enhanced
apoptosis, involving MCL-1 downregulation and Bax activation,
suggesting that coadministration of PI3K and BCL-2 inhibitors
may be effective in AML treatment (43).
The anti-leukemic effect of venetoclax in combination with
the MDM2 antagonist idasanutlin has also recently been
investigated. MDM2 is a negative regulator of the p53 tumor
suppressor, and disruption of MDM2-p53 binding by idasanutlin
allows for p53 activation and restores p53-dependent cell cycle
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inhibitors have recently been described (52). Amongst these is
marinopyrrole A/maritoclax, a natural product identified from
marine streptomycetes which binds MCL-1, but not BCL-XL, and
disrupts the MCL-1-Bim interaction and induces proteosomal
degradation of MCL-1 (53). In vitro studies have shown that
maritoclax has an additional MCL-1-independent pro-apoptotic
mechanism involving accumulation of mitochondrial reactive
oxygen species (54). Maritoclax was demonstrated to induce
apoptosis of AML cell lines and primary AML cells with elevated
MCL-1 levels via MCL-1 downregulation and synergized with
ABT-737 to overcome MCL-1-mediated ABT-737 resistance (55).
As with the small molecule BH3 mimetics, NMR-based
fragment screen was used to identify compounds that inhibit
MCL-1, including S63845 (and its derivative S64315) and
A1201477. Intriguingly, these compounds cause increased MCL1 protein levels, but also effectively disrupt the MCL-1-Bim
interaction to induce apoptosis. S63845 was demonstrated to
induce potent killing of MCL-1-dependent cancer cells, including
leukemia and lymphoma cells, by activation of the BAX/BAKdependent apoptotic pathway (56). A1201477 additionally was
shown to induce synergistic effects with navitoclax in a variety
of cancer cell lines (57).

Clinical Trials in AML
The initial clinical trials of the BCL-2 inhibitor venetoclax in
AML were focused on dose finding, in light of the uncertain
risk/benefit profile associated with tumor lysis syndrome (TLS),
as well as on obtaining a preliminary assessment of the clinical
efficacy of the drug. In a phase II study, Konopleva et al. evaluated
venetoclax monotherapy at a dose of 800 mg in individuals
with relapsed/refractory AML, or those unfit for intensive
chemotherapy (63). In this study venetoclax had a favorable
side effect profile as well as measurable clinical activity, with a
19% overall response rate (ORR). Common adverse events were
nausea, vomiting, diarrhea, as well as febrile neutropenia and
hypokalemia. Importantly, no TLS was observed in significant
contrast to CLL where life-threating TLS has been seen.
In consideration of treatment of older patients with AML,
Lin et al. designed a phase I study investigating venetoclax use
with low-dose cytarabine in treatment-naïve patients aged >65
years with AML (64). Preliminary results of the study found an
acceptable safety profile, with febrile neutropenia as the most
prevalent adverse event. Tumor lysis syndrome (TLS) was not
observed. Venetoclax dosing of 600 and 800 mg were assessed in
the phase 1 portion of the study, with findings supporting 600 mg
dosing moving forward in phase 2. Preliminary study findings
showed promising clinical activity in this patient population,
with an overall response rate of 44% in the phase I cohort. This
clinical trial is ongoing with expected completion date of May
2019 (NCT02287233).
A further phase I study in newly diagnosed AML patients
older than 65 years has been conducted by DiNardo et al.,
evaluating the efficacy of venetoclax in combination with
the hypomethylating agents azacitidine or decitabine (65).
Venetoclax doses of 400, 800, and 1,200 mg were assessed in this
study, with doses of 400 and 800 mg utilized in the expansion,
and patients were divided into subgroups based on the venetoclax
dose and the hypomethylating agent received. Findings from
this study have recently been published with impressive results
and have led to accelerated FDA approval of venetoclax in
this clinical setting. Study results include data analysis of 145
patients with a median age of 74 years and a median time on
study of 8.9 months (66). Poor-risk cytogenetics were present in
49% of the study population. In the intent-to-treat population
(including all doses of venetoclax), the rates of complete response
(CR) and complete response with incomplete count recovery
(CRi) were 37 and 30%, respectively, with an ORR (CR +
CRi + partial response) of 68%. Evaluation of defined cohorts
demonstrated CR + CRi rates of 73% for those who received
400 mg venetoclax and 65% for those who received 800 mg
venetoclax. Of those patients who received 400 mg venetoclax +
a hypomethylating agent, the response rates were similar between
azacytidine and decitabine cohorts (76 and 71%, respectively).
The median duration of CR + CRi was 11.3 months for all
patients and 12.5 months for the 400 mg venetoclax group.
The median overall survival was 17.5 months for all patients
and had not been reached for the 400 mg venetoclax cohort.
Further, the authors evaluated minimal residual disease (MRD)
status and found that amongst those who achieved CR/CRi,

CLINICAL DEVELOPMENT
Oblimersen, BCL-2 Antisense
Anti-sense BCL-2, oblimersen sodium, was investigated early
on in the development of therapy targeting this anti-apoptotic
family. It was administered as a continuous infusion and
showed clinical activity in patients with FLAG chemotherapy
(fludarabine, cytarabine, and granulocyte stimulating factor) with
relapsed or refractory AML or ALL (58) and with cytarabine
and daunorubicin in untreated AML (59). Moore et al. further
demonstrated clinical activity with 25% of patients achieving a
response (60). Further, studies were halted, as oblimersen was
limited by its continuous infusion administration and the lack of
follow-up trials demonstrating clinical effectiveness.

Obatoclax, Pan-BCL-2 Antagonist
Schimmer et al. investigated obatoclax, the pan-BCL-2
antagonist, in patients with AML, MDS, CLL, and ALL
(61). Patients in this study were either ineligible for induction
chemotherapy or had relapsed disease. Obatoclax was well
tolerated in the study population. The most common adverse
events (AE) were CNS-related, including somnolence, dizziness,
fatigue, euphoric mood, and gait disturbance immediately
following infusion; these resolved within a few hours after
infusion administration. Complete remission was seen in one
of 25 patients with AML, and three of 14 patients with MDS
showed improvement of transfusion dependence. Arellano
et al. investigated obatoclax use in patients with untreated
myelodysplastic syndromes with anemia or thrombocytopenia
(62). Dosing of 60 mg every 2 weeks seemed tolerable, with AE
of euphoric mood, nausea, vomiting, grade 3-4 AE of anemia,
thrombocytopenia, and pneumonia. This study was terminated
as the response rate of 8% was below the pre-determined
threshold for continuation.
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TABLE 1 | Active clinical trials of therapy targeting BCL-2 family in AML, MDS, ALL.
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29% (28/97) had at least 1 assessment of MRD <10−3 , and of
those with MRD negativity, the median duration of response
and overall survival were not reached. The most common
toxicities were gastrointestinal and hematologic in nature, noting
that many hematologic adverse events were attributable to the
underlying hematologic disease, and the most common grade 3
and 4 adverse events included febrile neutropenia, cytopenias,
and pneumonia. Notably, subgroup analyses also demonstrated
meaningful responses in patients with poor risk cytogenetics. In
particular, those with NPM1 mutations had a quite favorable
outcome with venetoclax-based therapy, with CR + CRi rate
of 91.5% and median overall survival and duration of CR
+ CRi not reached. NPM1 mutation status was additionally
found to be a statistically significant predictor of favorable
outcome. Patients harboring FLT3 and IDH1/2 mutations also
demonstrated impressive responses, with CR + CRi rates of 72
and 71%, respectively.
Looking ahead, results of a phase 3 randomized, double-blind,
placebo-controlled study investigating venetoclax use in older
AML patients are anticipated to be favorable (67). The study is
designed to evaluate the effect of venetoclax (at 400 mg dose) in
combination with azacitidine on overall survival and remission
rates as compared to the combination of azacitidine with placebo.
Secondary outcomes include event free survival and quality life
measures. The study opened in February 2017, with a target
enrollment of 400 patients and an estimated completion date of
the trial is January 2021 (NCT02993523), though given the FDA
approval of this medication, continued accrual may be slow.
The use of venetoclax in combination with other agents
for the treatment of AML is also being investigated. DiNardo
and colleagues recently reported findings of various venetoclax
combinations in relapsed and refractory AML, MDS, and
blastic plasmacytoid dendritic cell neoplasm (BPDCN) (68).
A total of 43 patients with median age 68 years (range
25–83) were evaluated, the majority of whom had already
received more than 2 s line regimens. The combination regimens
included decitabine, azacitidine, low-dose cytarabine, fludarabine
plus cytarabine, and cladribine plus cytarabine. Midostaurin,
sorafenib, and ruxolitinib were also used in the few patients
who had -FLT3-ITD or JAK2-mutations. Twenty-one percent
of patients had complete response, complete remission with
incomplete blood count recovery, or morphologic leukemiafree state. Interestingly, they also found a 27% response rate
amongst patients with IDH-1 or IDH-2 mutations (11 patients
total) when an IDH inhibitor was used in combination with
venetoclax, despite previous non-responsiveness to an IDH-1
or IDH-2 inhibitor. The authors concluded that low intensity
chemotherapy in combination with venetoclax is an option
for therapy in multiply relapsed/refractory AML, MDS, and
BPDCN. DiNardo et al. are also currently investigating the
safety and tolerability of venetoclax when utilized in induction,
consolidation, and maintenance of newly diagnosed or refractory
AML together with standard intensive care chemotherapy with
fludarabine, cytarabine, idarubicin, filgrastim (FLAG-IDA). The
study is actively recruiting, and its completion date is estimated
for September 2024 (NCT03214562). Additionally, this group of
researchers will be investigating the safety and tolerability as well
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as clinical efficacy of venetoclax used with ivosidenib (AG120) in
IDH-1 relapsed or refractory AML. The study opened in March
2018 and is actively enrolling with an estimated completion date
of September 2020 (NCT03471260).

with estimated primary completion dates of September 2019 and
August 2020, respectively.

Clinical Trials in ALL

Currently, there are trials involving MCL-1 inhibitor use in
AML/MDS ongoing as well, with initial aims investigating
tolerated doses and adverse effects of these intravenous agents.
The first in human trial of the MCL-1 inhibitor AMG176
(Amgen) in patients with relapsed/refractory multiple myeloma
and AML is currently active (NCT02675452). The trial start date
was June 2016 with an expected primary completion date of May,
2020. The primary objective of this phase I trial is to investigate
the safety profile and maximum tolerated dose of AMG176 in
patients with relapsed/refractory AML and multiple myeloma,
with a secondary objective to evaluate preliminary efficacy of
the therapeutic agent. A second study investigating another
MCL-1 inhibitor, S64315 (Institut de Recherches Internationales
Servier) in patients with AML or MDS is also currently active
(NCT02979366). This phase 1 open-label, non-randomized, noncomparative study will investigate the safety, tolerability, and
incidence of dose-limiting toxicities of the drug. The study started
March 2017 with estimated date of completion of October 2020.

MCL-1 INHIBITORS

An ongoing phase I, open-label, multicenter trial is investigating
venetoclax and navitoclax use with standard chemotherapy
regimen in young adults and pediatric patients with T-cell
and B-cell ALL (69). Serious adverse events observed in this
trial are comparable to other studies, and include nausea,
vomiting, abdominal pain, somnolence, and pseudomonas sepsis.
Preliminary data reveal all four of the enrolled patients achieved a
clinical response, either complete remission, complete remission
with incomplete platelet recovery, or complete remission
with incomplete marrow recovery. One patient had disease
progression at 3.4 months and discontinued trial therapy.
Estimated completion date of trial is June, 2020 (NCT03181126).
This study, in conjunction with NCT03236857, which is
investigating venetoclax monotherapy followed by chemotherapy
regimens (70), will help further elucidate the clinical utility of
targeting this anti-apoptotic family in pediatric and adult ALL.
Palmisiano and colleagues initiated an ECOG-ACRIN,
multicenter phase Ib/II study (EA9152) investigating the
combination of venetoclax and liposomal vincristine in
relapsed/refractory or unresponsive to treatment childhood
and adult B-cell and T-cell ALL (NCT03504644). This study
will seek to elucidate the optimal dose of venetoclax in this
combination regimen in patients with relapsed/refractory T/BALL by establishing the maximum tolerated dose (MTD), as well
as assessing the preliminary efficacy of the combination, using
response rate as a primary endpoint. This trial started April,
2018 and is currently enrolling, with expected completion date
April, 2021.

CONCLUSIONS
The ability of cancers to upregulate the Bcl-2 family of antiapoptotic proteins as a means to evade apoptosis represents a
key mechanism for treatment resistance and relapse in acute
leukemia and MDS. Targeted inhibition of the anti-apoptotic
Bcl-2 proteins has been shown to have impressive efficacy in
the treatment of several hematologic malignancies, with current
FDA approvals of venetoclax for the treatment of CLL and AML.
Preclinical studies have demonstrated substantial anti-leukemic
activity of the BH3 mimetics, and there are many ongoing trials to
confirm these findings. Given its bioavailability and tolerability,
venetoclax is the main BH3 mimetic in these current clinical
investigations (see Table 1). While these studies are ongoing,
many questions remain. The anti-leukemic activity of the BH3
mimetics is limited by drug resistance mechanisms that are
gradually being characterized in pre-clinical models, in vitro and
in vivo, and while the primary mechanisms of resistance in vivo
remain unclear, clinical studies thus suggest that combination
strategies are able to overcome resistance and lead to clinical
responses. Determining which combination therapies provide
optimal clinical efficacy is a very important goal, moving forward,
and further studies are needed to explore novel combination
strategies. The role of venetoclax and other BH3 mimetics in
standard induction and consolidation therapy is also of great
interest. Further, determining which subgroups of patients are
likely to derive the most clinical benefit from BH3 mimetics
would be quite impactful clinically, and the use of BH3 profiling
and the identification of other potential biomarkers in leukemia
and MDS patients to guide the therapeutic application of these
drugs requires further investigation. Despite these uncertainties,
BCL-2 inhibition with venetoclax, and MCL-1 or BCL-XL

Clinical Trials in MDS
Data demonstrating efficacy of BCL-2 inhibition in MDS is
largely preclinical at this point. As noted above, DiNardo
et al. did include patients with MDS in addition to those
with AML in their recent report of 43 patients treated with
venetoclax combination therapy for relapsed/refractory disease
(68). However, amongst those 43 patients, only 2 carried a
diagnosis of MDS and only 1 one of these patients responded.
The patient who responded notably had MDS with complex
cytogenetics and mutations of RUNX1 and TP53, and had
been extensively pretreated, including prior azacitidine and
decitabine as well as two prior allogeneic haplo-identical stem cell
transplants. However, despite the paucity of clinical data of BCL2 inhibitors in MDS, there are current clinical trials evaluating
venetoclax in MDS which are actively recruiting. The two trials
specifically limited to those with patients with MDS are phase
1b studies sponsored by AbbVie. These include evaluation of
venetoclax in combination with azacitidine in treatment-naïve
higher-risk MDS patients (NCT02942290) and evaluation of
venetoclax alone or with azacitidine in relapsed/refractory MDS
patients (NCT02966782). Both studies opened in early 2017,
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inhibition potentially, represent a significant advance in targeted
treatment approaches to hematologic malignancies and are very
promising in acute leukemia and MDS treatment.

FUNDING

AUTHOR CONTRIBUTIONS

ACKNOWLEDGMENTS

AM, SH, LW, CV, CE, MK, and NP provided substantial
contribution to the conception, drafting, editing, and final
approval of this manuscript.

The
authors
wish
to
MD, for reviewing the
helpful suggestions.

Cancer Center Support Grant 5P30CA056036-17.

REFERENCES
18.

1. Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P, et al.
Molecular mechanisms of cell death: recommendations of the nomenclature
committee on cell death 2018. Cell Death Differ. (2018) 25:486–541.
doi: 10.1038/s41418-017-0012-4
2. Fulda S, Debatin KM. Extrinsic versus intrinsic apoptosis pathways
in
anticancer
chemotherapy.
Oncogene.
(2006)
25:4798–811.
doi: 10.1038/sj.onc.1209608
3. Czabotar PE, Lessene G, Strasser A, Adams JM. Control of apoptosis by the
BCL-2 protein family: implications for physiology and therapy. Nat Rev Mol
Cell Biol. (2014) 15:49–63. doi: 10.1038/nrm3722
4. Delbridge AR, Strasser A. The BCL-2 protein family, BH3-mimetics and
cancer therapy. Cell Death Differ. (2015) 22:1071–80. doi: 10.1038/cdd.2015.50
5. Hemann MT, Lowe SW. The p53-Bcl-2 connection. Cell Death Differ. (2006)
13:1256–9. doi: 10.1038/sj.cdd.4401962
6. Matsuzaki Y, Nakayama K, Nakayama K, Tomita T, Isoda M, Loh DY, et al.
Role of bcl-2 in the development of lymphoid cells from the hematopoietic
stem cell. Blood. (1997) 89:853–62.
7. Gratiot-Deans J, Ding L, Turka LA, Nunez G. Bcl-2 proto-oncogene
expression during human T cell development. Evidence for biphasic
regulation. J Immunol. (1993) 151:83–91.
8. Veis DJ, Sentman CL, Bach EA, Korsmeyer SJ. Expression of the Bcl-2
protein in murine and human thymocytes and in peripheral T lymphocytes. J
Immunol. (1993) 151:2546–54.
9. Gratiot-Deans J, Merino R, Nunez G, Turka LA. Bcl-2 expression during
T-cell development: early loss and late return occur at specific stages of
commitment to differentiation and survival. Proc Natl Acad Sci USA. (1994)
91:10685–9. doi: 10.1073/pnas.91.22.10685
10. Grillot DA, Merino R, Nunez G. Bcl-XL displays restricted distribution
during T cell development and inhibits multiple forms of apoptosis but
not clonal deletion in transgenic mice. J Exp Med. (1995) 182:1973–83.
doi: 10.1084/jem.182.6.1973
11. Ma A, Pena JC, Chang B, Margosian E, Davidson L, Alt FW, et al. Bclx
regulates the survival of double-positive thymocytes. Proc Natl Acad Sci USA.
(1995) 92:4763–7. doi: 10.1073/pnas.92.11.4763
12. Grayson JM, Zajac AJ, Altman JD, Ahmed R. Cutting edge: increased
expression of Bcl-2 in antigen-specific memory CD8+ T cells. J Immunol.
(2000) 164:3950–4. doi: 10.4049/jimmunol.164.8.3950
13. Boise LH, Minn AJ, Noel PJ, June CH, Accavitti MA, Lindsten T, et al. CD28
costimulation can promote T cell survival by enhancing the expression of
Bcl-XL. Immunity. (1995) 3:87–98. doi: 10.1016/1074-7613(95)90161-2
14. Li YS, Hayakawa K, Hardy RR. The regulated expression of B lineage
associated genes during B cell differentiation in bone marrow and fetal liver. J
Exp Med. (1993) 178:951–60. doi: 10.1084/jem.178.3.951
15. Merino R, Ding L, Veis DJ, Korsmeyer SJ, Nunez G. Developmental regulation
of the Bcl-2 protein and susceptibility to cell death in B lymphocytes. EMBO
J. (1994) 13:683–91. doi: 10.1002/j.1460-2075.1994.tb06307.x
16. Campos L, Sabido O, Rouault JP, Guyotat D. Effects of BCL-2 antisense
oligodeoxynucleotides on in vitro proliferation and survival of normal
marrow progenitors and leukemic cells. Blood. (1994) 84:595–600.
17. Petros AM, Dinges J, Augeri DJ, Baumeister SA, Betebenner DA, Bures
MG, et al. Discovery of a potent inhibitor of the antiapoptotic protein

Frontiers in Oncology | www.frontiersin.org

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

9

thank
Pierluigi
Porcu,
manuscript and for his

Bcl-xL from NMR and parallel synthesis. J Med Chem. (2006) 49:656–63.
doi: 10.1021/jm0507532
Konopleva M, Watt J, Contractor R, Tsao T, Harris D, Estrov Z,
et al. Mechanisms of antileukemic activity of the novel Bcl-2 homology
domain-3 mimetic GX15-070 (obatoclax). Cancer Res. (2008) 68:3413–20.
doi: 10.1158/0008-5472.CAN-07-1919
Nguyen M, Marcellus RC, Roulston A, Watson M, Serfass L, Murthy Madiraju
SR, et al. Small molecule obatoclax (GX15-070) antagonizes MCL-1 and
overcomes MCL-1-mediated resistance to apoptosis. Proc Natl Acad Sci USA.
(2007) 104:19512–7. doi: 10.1073/pnas.0709443104
Oltersdorf T, Elmore SW, Shoemaker AR, Armstrong RC, Augeri DJ, Belli BA,
et al. An inhibitor of Bcl-2 family proteins induces regression of solid tumours.
Nature. (2005) 435:677–81. doi: 10.1038/nature03579
Konopleva M, Contractor R, Tsao T, Samudio I, Ruvolo PP, Kitada S,
et al. Mechanisms of apoptosis sensitivity and resistance to the BH3
mimetic ABT-737 in acute myeloid leukemia. Cancer Cell. (2006) 10:375–88.
doi: 10.1016/j.ccr.2006.10.006
Konopleva M, Milella M, Ruvolo P, Watts JC, Ricciardi MR, Korchin B,
et al. MEK inhibition enhances ABT-737-induced leukemia cell apoptosis
via prevention of ERK-activated MCL-1 induction and modulation of MCL1/BIM complex. Leukemia. (2012) 26:778–87. doi: 10.1038/leu.2011.287
Bogenberger JM, Kornblau SM, Pierceall WE, Lena R, Chow D, Shi
CX, et al. BCL-2 family proteins as 5-Azacytidine-sensitizing targets
and determinants of response in myeloid malignancies. Leukemia. (2014)
28:1657–65. doi: 10.1038/leu.2014.44
Bogenberger JM, Delman D, Hansen N, Valdez R, Fauble V, Mesa RA, et al. Ex
vivo activity of BCL-2 family inhibitors ABT-199 and ABT-737 combined with
5-azacytidine in myeloid malignancies. Leuk Lymphoma. (2015) 56:226–9.
doi: 10.3109/10428194.2014.910657
Tsao T, Shi Y, Kornblau S, Lu H, Konoplev S, Antony A, et al.
Concomitant inhibition of DNA methyltransferase and BCL-2
protein function synergistically induce mitochondrial apoptosis in
acute myelogenous leukemia cells. Ann Hematol. (2012) 91:1861–70.
doi: 10.1007/s00277-012-1537-8
Kohl TM, Hellinger C, Ahmed F, Buske C, Hiddemann W, Bohlander SK,
et al. BH3 mimetic ABT-737 neutralizes resistance to FLT3 inhibitor treatment
mediated by FLT3-independent expression of BCL2 in primary AML blasts.
Leukemia. (2007) 21:1763–72. doi: 10.1038/sj.leu.2404776
Kang MH, Kang YH, Szymanska B, Wilczynska-Kalak U, Sheard MA,
Harned TM, et al. Activity of vincristine, L-ASP, and dexamethasone against
acute lymphoblastic leukemia is enhanced by the BH3-mimetic ABT-737
in vitro and in vivo. Blood. (2007) 110:2057–66. doi: 10.1182/blood-200703-080325
Park CM, Bruncko M, Adickes J, Bauch J, Ding H, Kunzer A, et al. Discovery of
an orally bioavailable small molecule inhibitor of prosurvival B-cell lymphoma
2 proteins. J Med Chem. (2008) 51:6902–15. doi: 10.1021/jm800669s
Tse C, Shoemaker AR, Adickes J, Anderson MG, Chen J, Jin S, et al. ABT263: a potent and orally bioavailable Bcl-2 family inhibitor. Cancer Res. (2008)
68:3421–8. doi: 10.1158/0008-5472.CAN-07-5836
Lock R, Carol H, Houghton PJ, Morton CL, Kolb EA, Gorlick R,
et al. Initial testing (stage 1) of the BH3 mimetic ABT-263 by the
pediatric preclinical testing program. Pediatr Blood Cancer. (2008) 50:1181–9.
doi: 10.1002/pbc.21433

March 2019 | Volume 9 | Article 192

McBride et al.

BCL-2 Inhibition in Acute Leukemias and MDS

31. Vogler M, Furdas SD, Jung M, Kuwana T, Dyer MJ, Cohen GM. Diminished
sensitivity of chronic lymphocytic leukemia cells to ABT-737 and ABT263 due to albumin binding in blood. Clin Cancer Res. (2010) 16:4217–25.
doi: 10.1158/1078-0432.CCR-10-0777
32. Wilson WH, O’Connor OA, Czuczman MS, LaCasce AS, Gerecitano JF,
Leonard JP, et al. Navitoclax, a targeted high-affinity inhibitor of BCL2, in lymphoid malignancies: a phase 1 dose-escalation study of safety,
pharmacokinetics, pharmacodynamics, and antitumour activity. Lancet
Oncol. (2010) 11:1149–59. doi: 10.1016/S1470-2045(10)70261-8
33. Gandhi L, Camidge DR, Ribeiro de Oliveira M, Bonomi P, Gandara D, Khaira
D, et al. Phase I study of navitoclax (ABT-263), a novel Bcl-2 family inhibitor,
in patients with small-cell lung cancer and other solid tumors. J. Clin. Oncol.
(2011) 29:909–16. doi: 10.1200/JCO.2010.31.6208
34. Rudin CM, Hann CL, Garon EB, Ribeiro de Oliveira M, Bonomi PD, Camidge
DR, et al. Phase II study of single-agent navitoclax (ABT-263) and biomarker
correlates in patients with relapsed small cell lung cancer. Clin. Cancer Res.
(2012) 18:3163–9. doi: 10.1158/1078-0432.CCR-11-3090
35. Schoenwaelder SM, Jarman KE, Gardiner EE, Hua M, Qiao J, White MJ, et al.
Bcl-xL-inhibitory BH3 mimetics can induce a transient thrombocytopathy
that undermines the hemostatic function of platelets. Blood. (2011) 118:1663–
74. doi: 10.1182/blood-2011-04-347849
36. Vogler M, Hamali HA, Sun XM, Bampton ET, Dinsdale D, Snowden RT,
et al. BCL2/BCL-X(L) inhibition induces apoptosis, disrupts cellular calcium
homeostasis, and prevents platelet activation. Blood. (2011) 117:7145–54.
doi: 10.1182/blood-2011-03-344812
37. Pan R, Hogdal LJ, Benito JM, Bucci D, Han L, Borthakur G,
et al. Selective BCL-2 inhibition by ABT-199 causes on-target cell
death in acute myeloid leukemia. Cancer Discov. (2014) 4:362–75.
doi: 10.1158/2159-8290.CD-13-0609
38. Niu X, Zhao J, Ma J, Xie C, Edwards H, Wang G, et al. Binding of released
bim to Mcl-1 is a mechanism of intrinsic resistance to ABT-199 which can
be overcome by combination with daunorubicin or cytarabine in AML Cells.
Clin Cancer Res. (2016) 22:4440–51. doi: 10.1158/1078-0432.CCR-15-3057
39. Luedtke DA, Niu X, Pan Y, Zhao J, Liu S, Edwards H, et al. Inhibition of
Mcl-1 enhances cell death induced by the Bcl-2-selective inhibitor ABT-199
in acute myeloid leukemia cells. Signal Transduct Target Ther. (2017) 2:17012.
doi: 10.1038/sigtrans.2017.12
40. Schwartz J, Niu X, Walton E, Hurley L, Lin H, Edwards H, et al. Synergistic
anti-leukemic interactions between ABT-199 and panobinostat in acute
myeloid leukemia ex vivo. Am J Transl Res. (2016) 8:3893–902.
41. Bogenberger J, Whatcott C, Hansen N, Delman D, Shi CX, Kim W, et al.
Combined venetoclax and alvocidib in acute myeloid leukemia. Oncotarget.
(2017) 8:107206–22. doi: 10.18632/oncotarget.22284
42. Knorr KL, Schneider PA, Meng XW, Dai H, Smith BD, Hess AD, et al.
MLN4924 induces Noxa upregulation in acute myelogenous leukemia and
synergizes with Bcl-2 inhibitors. Cell Death Differ. (2015) 22:2133–42.
doi: 10.1038/cdd.2015.74
43. Rahmani M, Nkwocha J, Hawkins E, Pei X, Parker RE, Kmieciak
M, et al. Cotargeting BCL-2 and PI3K induces BAX-dependent
mitochondrial apoptosis in AML cells. Cancer Res. (2018) 78:3075–86.
doi: 10.1158/0008-5472.CAN-17-3024
44. Higgins B, Glenn K, Walz A, Tovar C, Filipovic Z, Hussain S, et al.
Preclinical optimization of MDM2 antagonist scheduling for cancer treatment
by using a model-based approach. Clin Cancer Res. (2014) 20:3742–52.
doi: 10.1158/1078-0432.CCR-14-0460
45. Lehmann C, Friess T, Birzele F, Kiialainen A, Dangl M. Superior antitumor activity of the MDM2 antagonist idasanutlin and the Bcl-2 inhibitor
venetoclax in p53 wild-type acute myeloid leukemia models. J Hematol Oncol.
(2016) 9:50. doi: 10.1186/s13045-016-0280-3
46. Pan R, Ruvolo V, Mu H, Leverson JD, Nichols G, Reed JC, et al.
Synthetic lethality of combined Bcl-2 inhibition and p53 activation in AML:
mechanisms and superior antileukemic efficacy. Cancer Cell. (2017) 32:748–
760 e746. doi: 10.1016/j.ccell.2017.11.003
47. Chan SM, Thomas D, Corces-Zimmerman MR, Xavy S, Rastogi S, Hong WJ,
et al. Isocitrate dehydrogenase 1 and 2 mutations induce BCL-2 dependence
in acute myeloid leukemia. Nat Med. (2015) 21:178–84. doi: 10.1038/nm.3788
48. Jilg S, Reidel V, Muller-Thomas C, Konig J, Schauwecker J, Hockendorf U, et al.
Blockade of BCL-2 proteins efficiently induces apoptosis in progenitor cells of

Frontiers in Oncology | www.frontiersin.org

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

10

high-risk myelodysplastic syndromes patients. Leukemia. (2016) 30:112–23.
doi: 10.1038/leu.2015.179
Chonghaile TN, Roderick JE, Glenfield C, Ryan J, Sallan SE, Silverman LB,
et al. Maturation stage of T-cell acute lymphoblastic leukemia determines
BCL-2 versus BCL-XL dependence and sensitivity to ABT-199. Cancer Discov.
(2014) 4:1074–87. doi: 10.1158/2159-8290.CD-14-0353
Peirs S, Matthijssens F, Goossens S, Van de Walle I, Ruggero K, de Bock
CE, et al. ABT-199 mediated inhibition of BCL-2 as a novel therapeutic
strategy in T-cell acute lymphoblastic leukemia. Blood. (2014) 124:3738–47.
doi: 10.1182/blood-2014-05-574566
Khaw SL, Suryani S, Evans K, Richmond J, Robbins A, Kurmasheva
RT, et al. Venetoclax responses of pediatric ALL xenografts reveal
sensitivity of MLL-rearranged leukemia. Blood. (2016) 128:1382–95.
doi: 10.1182/blood-2016-03-707414
Wan Y, Dai N, Tang Z, Fang H. Small-molecule Mcl-1 inhibitors:
emerging anti-tumor agents. Eur J Med Chem. (2018) 146:471–82.
doi: 10.1016/j.ejmech.2018.01.076
Doi K, Li R, Sung SS, Wu H, Liu Y, Manieri W, et al. Discovery of
marinopyrrole A (maritoclax) as a selective Mcl-1 antagonist that overcomes
ABT-737 resistance by binding to and targeting Mcl-1 for proteasomal
degradation. J Biol Chem. (2012) 287:10224–35. doi: 10.1074/jbc.M1
11.334532
Varadarajan S, Poornima P, Milani M, Gowda K, Amin S, Wang HG, et al.
Maritoclax and dinaciclib inhibit MCL-1 activity and induce apoptosis in both
a MCL-1-dependent and -independent manner. Oncotarget. (2015) 6:12668–
81. doi: 10.18632/oncotarget.3706
Doi K, Liu Q, Gowda K, Barth BM, Claxton D, Amin S, et al. Maritoclax
induces apoptosis in acute myeloid leukemia cells with elevated Mcl-1
expression. Cancer Biol Ther. (2014) 15:1077–86. doi: 10.4161/cbt.29186
Kotschy A, Szlavik Z, Murray J, Davidson J, Maragno AL, Le Toumelin-Braizat
G, et al. The MCL1 inhibitor S63845 is tolerable and effective in diverse cancer
models. Nature. (2016) 538:477–82. doi: 10.1038/nature19830
Leverson JD, Zhang H, Chen J, Tahir SK, Phillips DC, Xue J, et al. Potent and
selective small-molecule MCL-1 inhibitors demonstrate on-target cancer cell
killing activity as single agents and in combination with ABT-263 (navitoclax).
Cell Death Dis. (2015) 6:e1590. doi: 10.1038/cddis.2014.561
Marcucci G, Byrd JC, Dai G, Klisovic MI, Kourlas PJ, Young DC, et al. Phase
1 and pharmacodynamic studies of G3139, a Bcl-2 antisense oligonucleotide,
in combination with chemotherapy in refractory or relapsed acute leukemia.
Blood. (2003) 101:425–32. doi: 10.1182/blood-2002-06-1899
Marcucci G, Stock W, Dai G, Klisovic RB, Liu S, Klisovic MI,
et al. Phase I study of oblimersen sodium, an antisense to Bcl-2, in
untreated older patients with acute myeloid leukemia: pharmacokinetics,
pharmacodynamics, and clinical activity. J Clin Oncol. (2005) 23:3404–11.
doi: 10.1200/JCO.2005.09.118
Moore J, Seiter K, Kolitz J, Stock W, Giles F, Kalaycio M, et al. A Phase II
study of Bcl-2 antisense (oblimersen sodium) combined with gemtuzumab
ozogamicin in older patients with acute myeloid leukemia in first relapse. Leuk
Res. (2006) 30:777–83. doi: 10.1016/j.leukres.2005.10.025
Schimmer AD, O’Brien S, Kantarjian H, Brandwein J, Cheson BD, Minden
MD, et al. A phase I study of the pan bcl-2 family inhibitor obatoclax mesylate
in patients with advanced hematologic malignancies. Clin Cancer Res. (2008)
14:8295–301. doi: 10.1158/1078-0432.CCR-08-0999
Arellano ML, Borthakur G, Berger M, Luer J, Raza A. A phase II,
multicenter, open-label study of obatoclax mesylate in patients with previously
untreated myelodysplastic syndromes with anemia or thrombocytopenia.
Clin Lymphoma Myeloma Leuk. (2014) 14:534–9. doi: 10.1016/j.clml.20
14.04.007
Konopleva M, Pollyea DA, Potluri J, Chyla B, Hogdal L, Busman T, et al.
Efficacy and biological correlates of response in a phase II study of venetoclax
monotherapy in patients with acute myelogenous leukemia. Cancer Discov.
(2016) 6:1106–17. doi: 10.1158/2159-8290.CD-16-0313
Lin TL, Strickland SA, Fiedler W, Walter RB, Hou J, Roboz GJ. Phase Ib/2
study of venetoclax with low-dose cytarabine in treatment-naive patients
age >/= 65 with acute myelogenous leukemia. J Clini Oncol. (2016). 34(15
Suppl):7007. doi: 10.1200/JCO.2016.34.15_suppl.7007
DiNardo CD, Pratz KW, Letai A, Jonas BA, Wei AH, Thirman M, et al.
Safety and preliminary efficacy of venetoclax with decitabine or azacitidine in

March 2019 | Volume 9 | Article 192

McBride et al.

66.

67.

68.

69.

BCL-2 Inhibition in Acute Leukemias and MDS

70. Place AE, Goldsmith K, Bourquin JP, Loh ML, Gore L, Morgenstern
DA, et al. Accelerating drug development in pediatric cancer: a
novel Phase I study design of venetoclax in relapsed/refractory
malignancies. Future Oncol. (2018) 14:2115–29. doi: 10.2217/fon-20180121

elderly patients with previously untreated acute myeloid leukaemia: a nonrandomised, open-label, phase 1b study. Lancet Oncol. (2018) 19:216–28.
doi: 10.1016/S1470-2045(18)30010-X
DiNardo CD, Pratz K, Pullarkat V, Jonas BA, Arellano M, Becker PS,
et al. Venetoclax combined with decitabine or azacitidine in treatmentnaive, elderly patients with acute myeloid leukemia. Blood. (2019) 133:7–17.
doi: 10.1182/blood-2018-08-868752
Potluri J, Xu T, Hong WJ, Mabry M. Phase 3, randomized, doubleblind, placebo-controlled study of venetoclax combined with
azacitidine versus azacitidine in treatment-naive patients with acute
myeloid leukemia. J Clini Oncol. (2017) 35(15 Suppl):TPS7069.
doi: 10.1200/JCO.2017.35.15_suppl.TPS7069
DiNardo CD, Rausch CR, Benton C, Kadia T, Jain N, Pemmaraju N,
et al. Clinical experience with the BCL2-inhibitor venetoclax in combination
therapy for relapsed and refractory acute myeloid leukemia and related
myeloid malignancies. Am J Hematol. (2018) 93:401–7. doi: 10.1002/ajh.25000
Alexander T, Lacayo N, Khaw SL, Rubnitz J, Schmidt M, Zhou Y. Venetoclax
and navitoclax with chemotherapy is efficacious in patients with relapsed acute
lymphoblastic leukemia. EHA Learn Center. (2018) 215259.

Frontiers in Oncology | www.frontiersin.org

Conflict of Interest Statement: CE and NP receive research funding from AbbVie.
The remaining authors declare that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.
Copyright © 2019 McBride, Houtmann, Wilde, Vigil, Eischen, Kasner and
Palmisiano. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

11

March 2019 | Volume 9 | Article 192

